We modified a commercial Hartmann-Shack aberrometer and used it to measure ocular aberrations twice at each of 38 points across the central 42°horizontalϫ 32°vertical visual fields of five young emmetropic subjects. Some Zernike aberration coefficients show coefficient field distributions that were similar to the field dependence predicted by Seidel theory (astigmatism, oblique astigmatism, horizontal coma, vertical coma The study complied with the Declaration of Helsinki and University research ethics approval was obtained. We recruited five emmetropic subjects (three females, two males) with ages ranging from 24 to 29 years. None of the subjects' pupils were dilated as it is intended that the study will be continued with clinical patients for whom we wish to minimize inconvenience. The room lights were reduced in intensity if the pupils were smaller than 5 mm in diameter.
Spurred by advances in refractive surgery in recent years, there has been a renewal of interest in higherorder ocular aberrations. Most emphasis has been given to central (foveal) vision, but a few groups have measured higher-order aberrations in the periphery. As is the case for peripheral refractions (dominated by second-order aberrations) over a span of 75 years, generally this has been restricted to the horizontal visual field [1] [2] [3] , although Lundström et al. [4] have demonstrated the capacity to measure at various locations within the field. Seidemann et al. [5] used a photoretinoscopy technique to determine refraction over the central 22°horizontalϫ 22°vertical visual field. Similarly, using a modified commercial aberrometer, we present initial two-dimensional visual field aberrations for young emmetropic eyes.
The study complied with the Declaration of Helsinki and University research ethics approval was obtained. We recruited five emmetropic subjects (three females, two males) with ages ranging from 24 to 29 years. None of the subjects' pupils were dilated as it is intended that the study will be continued with clinical patients for whom we wish to minimize inconvenience. The room lights were reduced in intensity if the pupils were smaller than 5 mm in diameter.
The aberrations were measured using a HartmanShack-type Complete Ophthalmic Analysis Systemhigh definition (COAS-HD) aberrometer (Wavefront Sciences, Albuquerque), which uses a superluminescent diode (SLD) source at approximately 840 nm. This measures transverse aberrations in 159 m increments across the pupil, which gives 766 sample points for a 5 mm diameter pupil. It can suffer from image wrapping, which means the problem of deciding which image spot belongs to a particular pupil location when aberrations are high. It compensates for this with (i) a small aperture that is approximately conjugate with the retina and vignets highly aberrated rays, and (ii) also by software that ignores highly aberrated rays that pass the aperture. These can be a hindrance for the measurement of high aberrations, and can make subsequent determination of wave aberrations inaccurate-if radiation through part of the pupil does not make it to the sensor or is not used, this will give an incorrect estimate of the pupil's center and hence of wave aberrations. This can be overcome by increasing the size of the aperture (although this increases the corneal reflex size and intensity) and the one-track algorithm provided with the software. Wavefront Sciences provided us with a 2.5 mm aperture to replace the standard 1.4 mm aperture. The one-track algorithm increases the dynamic range of the COAS-HD aberrometer by adjusting the position of the areas of interest (AOI) around the focal points of the lenslets [6] . An AOI determines how far out the centroid of an aberrated spot can move before it crosses over to the adjacent AOI. Under these conditions of use, with comparisons of the analyzed pupil region with the image of the pupil through another camera, we were satisfied that all pupil positions were being considered and analyzed across the visual field for all subjects. We also increased the SLD power from the default setting to its maximum setting as otherwise some spots from the peripheral pupil were not bright enough to be picked up by the analysis software. The radiation entering the eye was 104 W, which is four times below the safety limits for continuous viewing [7] .
Each subject placed his/her head in a chin rest in front of the instrument. XYZ alignment, so that the right eye pupil is centered with respect to the measuring axis and the cornea is conjugate with the sensor lenslet array, was achieved with the instrument's alignment camera. The left eye was occluded. The aberrations were measured while the subject looked at fixation targets through a glass slide beam splitter (Fig. 1) . The fixation targets were projected onto a 100 cmϫ 75 cm back-projection screen at a distance of 1.2 m. There were 38 (excluding the four corner targets) fixation targets arranged in a 6 row ϫ 7 column matrix. This arrangement covered a 42°ϫ 32°visual field. The center of the projected fixation target matrix was aligned with the center of the instrument's internal fixation target. Each target was illuminated in turn. Two images were taken for each fixation target.
The Hartmann-Shack spot images, reference data, AOI positions, centroid data, and the wavefront slopes generated by the instrument's software were exported for further analysis using our own software. All analyses were for 5 mm pupils. The instrument's software assumes a circular pupil, but here we are dealing with elliptical pupils and allowances have to be made for this. The procedures for this and for the conversion from the near-infrared to a visible wavelength ͑555 nm͒ are as described by Atchison et al. [8] . Essentially, we stretch the ellipses and convert them to unit circular pupils so that Zernike aberrations can be determined. A Matlab-based algorithm was used to reconstruct a wavefront by least-squares regression to the slope data for the stretched circular pupils and to estimate aberration coefficients up to sixth-order of Zernike polynomials by modal reconstruction according to the OSA-ANSI system [7] . A surface spanning the visual field was fitted to sets of aberration coefficient data using a triangle-based cubic interpolation method. Contour plots were generated from these surfaces (Figs. 2 and 3) .
Our methods were checked and supported by simulations with the Optical Design program Zemax EE using out of eye ray tracing with the Navarro schematic eye [9] . As an example, for a 6 mm pupil, 840 nm wavelength, and 40°horizontal visual field, with the Hartmann-Shack sensor simulation and conventional ray tracing we obtained similar, respective coefficients as follows: defocus ͑C 2 0 ͒ −0.79 and −0.81 m, with/against the rule astigmatism ͑C 2 2 ͒ 3.12 and 3.09 m, horizontal coma ͑C 3 1 ͒ −1.31 and −1.28 m, and spherical aberration ͑C 4 0 ͒ 0.32 and 0.31 m.
We determined the effects of increasing SLD power by taking ten on-axis measurements for two cyclopleged subjects. Changes in defocus ͑C 2 0 ͒ and higherorder rms aberrations (HORMS) were Յ0.04 m and Յ0.02 m, indicating that this had only a small effect. Similarly, we determined the effects of adding the beam splitter in front of a model eye. Changes in defocus ͑C 2 0 ͒ and HORMS aberrations were Ͻ0.07
and Ͻ0.03 m, indicating that the beam splitter had only a small effect. The reason for taking only two measurements at each position was to reduce the time to take measurements to 60-90 min and to reduce analysis time to ϳ8 h (further improvements in methodology should allow more measurements). This affects accuracy of results as variations in aberrations will occur due to fluctuations in accommodation, fixation accuracy, and alignment. To investigate this, we took ten consecutive measurements for two noncyclopleged subjects at different positions. Generally the standard deviations were Յ0.2 m for defocus ͑C 2 0 ͒ and Յ0.02 m for HORMS, which were small compared with the variations across the visual field. Figures 2 and 3 show variations in aberration coefficients across right eye visual fields of two representative subjects. The coefficients are oblique astigmatism ͑C 2 −2 ͒, defocus ͑C 2 0 ͒, with/against the rule astigmatism ͑C 2 2 ͒, trefoil ͑C 3 −3 ͒, vertical coma ͑C 3 −1 ͒, horizontal coma ͑C 3 1 ͒, and spherical aberration ͑C 4 0 ͒. Other terms are not shown because of relatively low magnitudes and the absence of any obvious pattern. Also, we show HORMS aberrations, and total rms aberrations excluding defocus. The scales are different according to the coefficient magnitudes, but any coefficient is shown with the same scale range for the two subjects. Consistent with previous investigations, the second-order aberrations dominated in the visual field (Figs. 2 and 3 ) [1] [2] [3] .
Some aberration coefficients showed trends across the visual field while others did not. The secondorder astigmatic terms C 2 −2 and C 2 2 increased from the center to the periphery along 45°-225°and 0°-180°m eridians, respectively, and decreased along the meridians perpendicular to these [ Figs. 2(a), 2(c), 3(a) , and 3(c)] in a quadratic manner. The subject ranges of these coefficients were 1.7 to 2.1 m for C 2 −2 and 1.1 to 1. Defocus ͑C 2 0 ͒ and spherical aberration ͑C 4 0 ͒ coefficients, HORMS, and total rms (excluding defocus) did not show any regular trends across the visual field. Defocus was 0.6± 0.2 m in the center of the field, corresponding to an approximate accommodation for the distance of the screen. Defocus showed peaks at 15°temporally in three of the subjects, corresponding to the blind spot and optic nerve [ Fig.  2(b) ]. Three subjects showed positive spherical aberration across the visual field [ Fig. 3(g) ], while two showed negative spherical aberration and positive spherical aberration in the nasal and temporal visual fields, respectively [ Fig. 2(g) ].
Our findings of quadratic field dependence of the astigmatism coefficients and linear field dependence of the coma coefficients are consistent with the Seidel theory [10] and, in the case of horizontal coma, a previous study by Atchison [11] . According to the Seidel theory, defocus in the form of field curvature shows quadratic field dependence, but this was not obvious in our subjects and this was probably because of the influence of retinal shape. It is likely that the observed patterns will be disrupted by refractive surgeries such as LASIK, as found already for horizontal coma [11] .
